Recently released Planck data implies a smaller Hubble constant H0 than that from Hubble Space Telescope project (HST) and a larger percentage of the matter components Ωm compared to Supernova Legacy Survey (SNLS) in ΛCDM model. In this paper we found that even though the tension on H0 between Planck and HST can be relaxed if the dark radiation is introduced (∆N eff = 0.536
I. INTRODUCTION
By now, the existence of dark matter is well accepted. In addition, cosmic acceleration discovered in 1998 [1, 2] is one of the most important discoveries in the last century. The present cosmic acceleration can be driven by the dark energy due to its negative pressure. Besides the dark matter and dark energy, some unknown relativistic species, so-called dark radiation, may also exist [3, 4] .
The total energy density of radiation in the Universe is ρ rad = 1 + 7 8 4 11 4 3 N eff ρ γ ,
which is a sum of the CMB photon energy density ρ γ = π 2 15 T 4 , the energy density in standard model (SM) neutrinos with N SM eff = 3.046 and any departure from the standard scenario parametrized as a summand in N eff = 3.046 + ∆N eff . A positive value of ∆N eff implies that there is dark radiation in the Universe. If there is any dark radiation, it changes the energy budget at recombination and has significant imprint in the anisotropies of cosmic microwave background (CMB). But the dark radiation becomes ignorable in the late time Universe, and then the dark radiation does not affect the fitting to the data of baryon acoustic oscillation (BAO) [5] , Supernova Legacy Survey (SNLS) samples [6] , the combination of supernova Union2.1 compilation of 580 SNe (Union2.1) [7] and Hubble Space Telescope (HST) project [8] .
Recently the first cosmological results [9] from the Planck were released. Planck is a very accurate experiment to measure the tiny anisotropies in the cosmic microwave background radiation (CMBR). From the data of Planck ones can learn about the composition and evolution of the Universe from its birth to the present day. Even though the standard six parameter ΛCDM model is preferred by Planck data, some tensions between Planck and some other astrophysical datasets are also intriguing. Here we mainly focus on two significant tensions:
• Even though the BAO data excellently agrees with Planck in the base ΛCDM model, the H 0 prior from HST is
which is discrepant with the Planck estimate in the base ΛCDM model at about 2.5 σ level. Note that the constraint on H 0 from Planck+WMAP Polarization (WP) is
See Section 5.3 of [9] in detail.
• Even though there is no obvious inconsistency between the SNe samples, the posterior distribution for Ω m from Planck+WP in the base ΛCDM model is in some tension with the distribution from SNLS. See Section 5.4 of [9] in detail.
Here we will investigate how the dark components in the Universe can help us to tackle the tensions between Planck and some other astrophysical datasets. Methods and datasets used in this paper is described in Secion II. In Section III, we separately consider three dark energy models, i.e. ΛCDM, wCDM and (CPL)CDM model, with/without dark radiation. And discussion is included in Section IV. Our main results are summarised in Table. I. 
II. METHODOLOGY
The 6-parameter ΛCDM model is taken as the base model in this paper and the pivot scale is set as k 0 = 0.002Mpc −1 . The six free-running parameters are {Ω b h 2 , Ω c h 2 , θ, τ , n s , A s }, which represent physical baryon density, physical cold dark matter density, the ratio of the angular diameter distance to the LSS sound horizon, optical depth, spectral index and amplitude of primordial scalar perturbation. N eff describing the effective number of massless neutrinos is introduced in the extended model which can include dark radiation. We reformulate it as N eff = 3.046 + ∆N eff to investigate its departure from the standard scenario. A positive value of ∆N eff indicates the existence of dark radiation.
We fit these parameters with the datasets of Planck, WP, BAO, SNLS, Union2.1 and HST by calculating the power spectrum with CAMB [10] and running the Monte Carlo Markov Chain(MCMC) with CosmoMC pacage [11] . The likelihood used here is provided by Planck group [9, 12] and CosmoMC pacage [11] . On the other hand, the constraint on Ω m from Union2.1 and HST is given by Ω m = 0.280 ± 0.048 (68% CL; Union2.1 + HST). (5) One can see that there is no tension between different SNIa datasets, such as SNLS and Union2.1 (see the olive solid and dashed curves in Fig. 2 ).
In this subsection we consider to add a new component, so-called dark radiation, in the energy budget. Since the dark radiation can change the energy budget at recombination, one can expect that it will change the constraints on Ω m and H 0 from CMB data (Planck+WP). See the correlations related to ∆N eff in Fig. 3 . In ΛCDM+∆N eff model, the combination of Planck and WP implies
and
at 68% CL. See the green contour in Fig. 1 . Compared to the black contour in Fig. 1 , the green one covers a larger region and it indicates that the tension between CMB data and the H 0 prior from HST project can be significantly relaxed. This was also pointed out by Planck collaboration in [9] . On the other hand, comparing olive dashed curve with the green curve in Fig. 2 , we find that SNLS still prefers a smaller value of Ω m even in the ΛCDM+∆N eff model. The measurement of SNLS is not compatible with Planck+WP estimate at about 1.7σ. From Fig. 1 , we find that there is an overlap among Planck+WP, Union2.1+HST and BAO in the ΛCDM+∆N eff model. Therefore we can combine all of them to constrain Ω m , H 0 and ∆N eff , namely
and ∆N eff = 0.536
at 68% CL. See the red shaded contour plot in Fig. 1 . It implies that there should be dark radiation at around 2.4σ level. Some other investigations about the dark radiation has also been done after Planck 2013 data release. In [13] a presence of a dark radiation component is preferred at 91.1% C.L. from Planck+WP if the power spectrum amplitude A L is also allowed to vary. Combining with the matter power spectrum from BOSS DR9 and the prior on the Hubble constant from HST, Planck dataset implies a non standard number of neutrino species at 2.3σ and the upper bound on the sum of neutrino masses is 0.51 eV at 95% C.L. in [14] . The authors adopted Bayesian model comparison to determine the number of relativistic species fro Planck data, but did not find any evidence for deviations from the standard cosmological model in [15] . And the still allowed parameter space in sterile neutrino models, hadronic axion models were explored in [16] .
In addition, we find that there is correlation between ∆N eff and the spectral index n s , because the dark radiation can suppress the high-ℓ power spectrum and a redder-tilted primordial power can make a similar effect on the high-ℓ power spectrum. Such correlation is showed in Fig. 4 . Larger ∆N eff , larger n s . In the combination of Planck+WP+BAO+Union2.1+HST, the constraint on n s becomes n s = 0.9805 ± 0.0080 which implies that there is no highly significant deviation from scale-invariance of the primordial power spectrum (only at around 2.4σ level).
We conclude that even though the tension on H 0 between HST and Planck+WP can be significantly relaxed once the dark radiation is taken into account, Ω m from Planck is still not nicely compatible with that from SNLS.
B. wCDM (+∆N eff ) model
We switch to the wCDM model in which the dark energy equation of state w is assumed to be a constant in this subsection. Once the free parameter w is taken into account, the confidence regions compared to those in the base ΛCDM model are significantly enlarged. The constraints on Ω m and H 0 from Planck+WP, Planck+WP+BAO, Union2.1+HST and SNLS+HST are showed in Fig. 5 . Here the priors we adopt for the parameters are quite large for enclosing the contours, but only the small patches we are interested in are plotted.
From Fig. 5 , one can see that the confidence region of Planck+WP (the black contour) is quite large, and it implies that Planck+WP is consistent with both Union2.1+HST and SNLS+HST in the wCDM model. Combining with BAO, the confidence region of CMB data is significantly narrowed. See the green contour in Fig. 5 which shows that Planck+WP+BAO is still consistent with the SNIa datasets nicely. In this model, one can also find that Planck+WP(+BAO) provides a very tight constraint on Ω m . But the constraint on Ω m from SNIa datasets are broadened, and then there is no inconsistency between Planck+WP(+BAO) and SNIa datasets. See Since the dark energy is not a cosmological constant, we are also interested in the property of dark energy in the wCDM model. The distributions of w are showed in Fig. 7 . Here the data from CMB and BAO is consistent with SNIa datasets, and then we can combine all of them together. The constraints on the dark energy equation of state w and Ω m are given by w = −1.15 ± 0.07,
at 68% CL from Planck+WP+BAO+Union2.1+HST;
FIG. 5: (color online).
Contour plots of Ωm − H0 in the wCDM model with 68% and 95% confidence regions.
The black, green, olive solid and olive dashed contours enclose the 68% and 95% confidence regions from Planck+WP, Planck+WP+BAO, Union2.1+HST and SNLS+HST in the wCDM model. The red shaded region and yellow contours are the 68% and 95% confidence regions from the combinations Planck+WP+BAO+Union2.1+HST and Planck+WP+BAO+SNLS+HST respectively. and w = −1.16 ± 0.06,
Ω m = 0.279
at 68% CL from Planck+WP+BAO+SNLS+HST. We see that a phantom-like dark energy is preferred at more We can also add the component of dark radiation. For the combination of Planck+WP+BAO+Union2.1+HST, the constraint on ∆N eff is ∆N eff = 0.379 +0.314 −0.318 at 68% CL, and ∆χ 2 = −1.24 compared to that without dark radiation. Similarly, for the combination of Planck+WP+BAO+SNLS+HST, the constraint on ∆N eff is ∆N eff = 0.298
−0.280 at 68% CL, and ∆χ 2 = −1.1 compared to that without dark radiation. We conclude that there is no evidence for dark radiation in the wCDM model. 
C. (CPL)CDM (+∆N eff ) model
In the former subsection we focus on the wCDM model where w is assumed to be a constant. However the dark energy model with a constant equation of state has less physical interest. Here, we focus on the dynamical dark energy model in which the dark energy equation of state is given by
where both w 0 and w a are constants, and w a measures the time evolution of dark energy density. This is a famous parametrization, so-called CPL parametetrization [17] , and this model is called by (CPL)CDM model. The constraints on Ω m and H 0 from Planck+WP, Planck+WP+BAO, Union2.1+HST, SNLS+HST are showed in Fig. 9 . We see that both Planck+WP and Planck+WP+BAO are consistent with SNLS+HST nicely, but the constraint on Ω m from Union2.1+HST is quite large, namely Ω m = 0.425
at 68% CL which is discrepant with Planck+WP estimate (Ω m = 0.250 2σ for Planck+WP+SNLS; but still stays within 2σ confidence region for Planck+WP+BAO+SNLS+HST. Since w a = 0 is included in the 1σ confidence region, there is no evidence for a dynamical dark energy.
Similar to the previous section, we can add the component of dark radiation in the (CPL)CDM model. For the combination of Planck+WP+BAO+SNLS+HST, the constraint on ∆N eff is ∆N eff = 0.218 +0.314 −0.307 at 68% CL, and ∆χ 2 = −0.84 compared to that without dark radiation. We conclude that there is no evidence for dark 
IV. DISCUSSION
Even though the CMB datasets (including Planck and WP) are consistent with BAO in the base ΛCDM model, there are some tensions between the CMB datasets and the SNIa datasets, such as HST and SNLS where a larger H 0 and less matter are preferred. Adding the dark radiation can relax the tension on H 0 between Planck and HST, Ω m obtained by Planck is still not nicely compatible with that from SNLS. In the ΛCDM+∆N eff model, there is an overlap region in the plot of Ω m − H 0 for Planck+WP, BAO, Union2.1 and HST. Combining all of them, we find that the dark radiation is preferred at 2.4σ level.
In the wCDM model, due to the broadened confidence region for Ω m and H 0 , Planck+WP, BAO, Union2.1, SNLS and H 0 from HST are consistent with each other, and then there is not any tension any more. However, the price we need to pay is that a phantom-like dark energy is called for. In this model we did not find any evidence for existence of a dark radiation.
Once a time-evolving dark energy model ((CPL)CDM model) is taken into account, the data of Union2.1 prefers a quite large Ω m which has a tension with CMB data (Planck+WP) at around 2.3σ level. Combining Planck+WP, BAO, SNLS and H 0 from HST, we find that a cosmological constant is disfavoured at more than 1σ level, but still stays inside the 2σ level.
Comparing ΛCDM+∆N eff to wCDM model, both of them have the same number of parameters, and the combination of of Planck+WP+BAO+Union2.1+HST
does not prefer any of them (|∆χ 2 | = 0.2), but wCDM model provides a much better fitting for the combination of Planck+WP+BAO+SNLS+HST. Compared to wCDM model, the time-evolving dark energy model ((CPL)CDM) has one more parameter, but it only improves the fitting result by ∆χ 2 = −0.3 which indicates that there is no statistical evidence for a timeevolving dark energy model. To summarize, only the wCDM model does significantly relax the tensions between Planck and other astrophysical datasets and the preferred H 0 and Ω m are showed in Fig. 5 and Table. I.
See some other approaches in [18] [19] [20] . For more discussions about the dynamical dark energy and dark radiation see, for example, [21] [22] [23] [24] [25] .
